Abstract: Uniaxial tension tests and hole-expansion tests were carried out to determine the influence of silicon on the microstructures, mechanical properties, and stretch-flangeability of conventional dual-phase steels. Compared to 0.03wt% silicon, the addition of 1.08wt% silicon induced the formation of finer ferrite grains (6.8 μm) and a higher carbon content of martensite (C m ≈ 0.32wt%). As the silicon level increased, the initial strain-hardening rate (n value) and the uniform elongation increased, whereas the yield strength, yield ratio, and stretch-flangeability decreased. The microstructures were observed after hole-expansion tests. The results showed that low carbon content martensite (C m ≈ 0.19wt%) can easily deform in coordination with ferrite. The relationship between the mechanical properties and stretch-flangeability indicated that the steel with large post-uniform elongation has good stretch-flangeability due to a closer plastic incompatibility of the ferrite and martensite phases, which can effectively delay the production and decohesion of microvoids.
Introduction
Dual-phase (DP) steels that contain a soft ferrite phase matrix and a hard second-phase martensite combine high strength with good formability and weldability. They are widely used in the automotive industry as structural members and security components. In the last few decades, the microstructures, chemical composition, mechanical properties, and formability of these kinds of steels have been extensively studied [1−10] .
The stretch-flangeability of these strip steels is usually described by the hole-expansion ratio (HER, represented by λ), which is affected by microstructures [3] . The formability of transformation induced plasticity steel (TRIP) has been studied by Sugimoto et al. [11] and Nagasaka et al. [12] . Hyun et al. [8] have studied the estimation of hole flangeability for ferrite-bainite (F + B) duplex steels and TRIP steels. F + B steel has a better hole flangeability than TRIP steel if estimated by minimum hole diameter, while TRIP steel has a better formability than F + B steel from the viewpoint of lip shape accuracy and lip height. A qualitative analysis was carried out on the formability of DP steels by introducing a realistic microstructure-based finite element approach by Kim et al. [9] . It was inferred that the localized plastic deformation in the ferritic phase might be closely related to the macroscopic formability of DP steels.
The mechanical properties and HER of steel are closely related because the mechanical properties of steel affect its stretch-flangeability. During hole expansion, deformation in the circumferential direction at the edge of the center hole is stretching while in the longitudinal direction it is bending. Although the hole-expansion test is obviously different from the uniaxial tension test, the contraction strain after being hole-expanded is only in the thickness direction, while in the uniaxial tension test, the contraction strains are both in the width and thickness directions. After analyzing the stresses and strains during hole-expansion tests, Yamada and Koide [13] confirmed that the stress state in the vicinity of the center hole is uniaxial tension. Studies on local plastic strain and microvoid formation in necked regions during the tensile test therefore provide a basis with respect to the hole-expansion test. Ghadbeigi et al. [14] have studied the local strain distributions within the ferrite−martensite (F−M) microstructure using digital image correlation (DIC) and in-situ tensile testing inside a scanning electron microscope throughout a tensile test. The results show that, in some areas, both the martensite and ferrite phases experience large plastic deformation during the tensile test, with local strain values up to 110% and 130%, respectively, for an applied strain of 42%. This shows that some martensites have good plastic deformation ability. The localized bands of deformation are located either inside large ferrite grains or very close to the interface between ferrite and martensite, with small ferrite grains trapped between several islands of martensite. In tensile tests of DP steel, Steinbrunner et al. [7] observed three apparent void nucleation mechanisms: decohesion at the F−M interface, separation of fractured martensite particles, and separation of adjacent or deformed martensite particles. To examine the different local strain distributions in different places where microvoids form, the carbon content and martensite morphology [15−19] should be taken into consideration.
HER is also affected by micro-alloying elements [3, 20] , the quality of sheared edges [9−10] , hole diameter, and strip thickness [8] .
The observation of microstructure evolution in DP steels during hole-expansion tests is rarely done. This study aimed at a detailed description of the relationship between Si content and the microstructures, mechanical properties, and stretch-flangeability of dual-phase steels. The microstructures and mechanical properties of steels with 1.08wt% and 0.03wt% Si, the microstructure evolution during hole-expansion tests, and the relationship between the strain-hardening behavior and stretch-flangeability were investigated.
Experimental
Two commercial DP steels were used in this study. Both steels contained 0.07wt% C, 1.2wt% Mn, 0.47wt% Cr, 0.013wt% P, and 0.004wt% S, but they differed in Si content, 1.08wt% vs. 0.03wt%. These were named high Si (HSi) and low Si (LSi) steels, respectively.
The steels were rolled in a 2250 mm hot-rolling mill line. The processing schedule is outlined in Fig. 1 . To obtain the final ferrite/martensite dual-phase microstructure, the steels were subjected to online multiple-step cooling. The final thickness of the strips was 4 mm.
Tensile test specimens were machined with a gage length of 50 mm. The applied tensile loading axis corresponded to the rolling direction of the strips. Tensile tests were performed at room temperature with a constant cross-head displacement rate of 0.5 mm/min on a CMT4105 100 kN testing machine. Due to the continuous character of DP steels, the yield strength is given as the 0.2% offset yield strength. The uniform elongation was determined as the strain at which the true strain (ε t ) equals the strain-hardening rate (dσ t /dε t ). The strain-hardening behavior of HSi and LSi steels was analyzed using Hollomon, differential Crussard−Jaoul (D C−J ), and modified Crussard−Jaoul (M C−J ) analyses. In the present study, hole-expansion tests were conducted on a BCS-50A strip-forming testing machine. To avoid crack formation at small strain in the punching method, 10 mm diameter holes were wire-cut at the center of 100 mm × 100 mm square specimens. In this way, the surface quality was modified and HER was improved, making it more suitable for studying the stretch-flangeability. Holes were expanded with a conical punch having an angle of 60° as shown in Fig. 2 . The holder force was 20 kN and the punch speed was 20 mm/min. The punch advance was stopped at the occurrence of a crack through the thickness. The λ-value was defined by the following equation: 
where d 0 is the diameter of the hole before expansion and d 1 is the diameter of the hole when a crack is observed through the thickness. Samples for scanning electron microscopy (SEM) were mechanically ground and polished. In addition, the samples were deeply etched in a 4% nital solution to reveal the microstructure. The mean ferrite grain size (d f ) and the martensite volume fraction (f m ) were determined on metallographs using Image Tool software. A TECNAI F-20 transmission electron microscope (TEM) was used to observe the deformation of the dislocation structures.
Results and discussion

Microstructures
SEM micrographs of HSi and LSi steels (Fig. 3) show that the microstructures (morphology, size, ferrite and martensite distribution) are quite different for the two steels. The d f values are 6.8 and 8.9 μm, and the f m values are around 25% and 32%, for the HSi and LSi steels, respectively (Table 1) .
According to the mass balance calculation, the carbon content of martensite (C m ) can be determined from the following equation: UE-uniform elongation, TE-total elongation, and λ-hole-expansion ratio.
where C C is the carbon content of the composite, C f is the carbon content of ferrite, and f m is the martensite volume fraction. The carbon content of ferrite was assumed to be 0.015 [21] , which is the soluble carbon content in ferrite at room temperature. C m obtained from Eq. (2) is given in Table 1 . For the HSi steel, fine and equiaxial ferrite grains were obtained, as shown in Fig. 3(a) . The martensite islands were small and dispersively distributed, with most of them having angular geometry and well-defined F−M phase boundaries. Previous work [22−23] indicated that the formation of fine and equiaxial ferrite in response to Si addition is the result of an increased nucleation rate of ferrite. This is attributed to the fact that Si increases the activity of carbon in austenite by inhibiting carbide formation, thereby increasing the driving force for the γ → α transformation. Consequently, residual austenite is severely segmented by proeutectoid ferrite and leads to the formation of dispersed martensite. For the LSi steel, large ferrite grains and bulky martensite islands were obtained, as shown in Fig. 3(b) . Some of the F−M phase boundaries were not smooth and the interior of the martensite was veined.
It has been reported that Si promotes carbon enrichment in metastable austenite from proeutectoid ferrite and reduces the soluble carbon of ferrite [24] , which results in a lower carbon content of ferrite (C f ) and higher C m in DP steels. The HSi steel with carbide-free ferrite and fine, carbon-enriched austenite was therefore obtained. During phase transformation from austenite to martensite, the carbon-en-riched austenite was transformed to higher-carbon martensite (0.32wt% C), which had a higher strength because the strength of martensite is very carbon dependent. This result shows that the carbon-enriched austenite transformed into glossy, angular martensite while the low carbon content austenite transformed into the veined martensite with irregular phase boundaries observed in SEM.
Microstructures evolution during hole expansion
To study the deformation mechanisms of different steels during the hole-expansion tests, microstructures near the deformed center hole along the circumferential direction (Fig. 4 ) and radial direction (Fig. 5) were observed. Although the observed regions had endured a bending force along the radial direction, hole-expansion deformation near the center hole was mainly influenced by the tension in the tangential direction, which is similar to the tensile test [13] .
For the HSi steel, the dispersely distributed, high carbon content martensite islands were hardly deformed while ferrite grains were stretched plastically. This is attributed to the incompatibility of plastic deformation located between the ferrite and martensite phases. The plastic deformation of ferrite is constrained at the F−M phase boundaries, which finally leads to decohesion of the F−M phase boundaries or fracture of the brittle martensite islands [7] . Previous work [7,25−27] has described the void nucleation mechanism during tensile tests. In this work, decohesion at the F−M phase boundaries and separation of fractured martensite particles were observed in hole-expansion tests. Fig. 4 shows that voids formed at the F−M phase boundaries or at the sites where martensite particles fractured. This is similar to the results of Avramovic-Cingara et al. [28] during uniaxial tensile testing. Fig. 4(b) reveals that LSi experiences a larger plastic deformation than HSi. During in-situ tensile testing, Ghadbeigi et al. [14] found that the martensite phase experienced large plastic deformation of 110% for an applied strain of 42%, while the value of the ferrite phase was 130%. This confirms that martensite can also endure large deformation, similar to ferrite. Fig. 5 reveals the number and appearance of sites of void nucleation along the radial direction near the edge of the center hole. More microvoids were generated in the HSi steel than in the LSi steel. The following two reasons probably explain the phenomena observed in Fig. 4 and Fig. 5: (1) martensite with low carbon content reduces the incompatibility of the two phases, and (2) martensite with a large curvature radius (due to the large size of martensite) weakens the effect of stress concentration on the angular sites of martensite.
Typical TEM micrographs after hole-expansion are shown in Fig. 6 . TEM observations in the ferrite regions (Figs. 6(a) and 6(c)) reveal that after being stretched along the circumference direction and being bent in the perpen-dicular-to-circumference direction, dislocations and dislocation cells tangled in ferrite grains and F−M phase boundaries are seen. As the mobile dislocations pile up in the vicinity of the F−M phase boundaries (arrow in Fig. 6(c) ), some high-density tangled dislocations evolve into cell structures. TEM observations in the martensite region (Figs. 6(b) and  6(d) ) reveal that the martensite in the LSi steel possessed lath morphology, while some twin martensite was found in the HSi steel.
It can be concluded from the TEM micrographs that in the initial stage of hole-expansion, dislocations sweep through ferrite grains and pile up in F−M phase boundaries. After that, martensite islands are surrounded by tangled dislocations and are forced to deform. Microvoids appear when the stress concentration exceeds the ultimate strength of martensite or the interfacial strength. Fig. 7 shows the engineering stress−strain curves of experimental steels. For each steel, only one of the three tensile tests is shown, because the test data decentralities for each series are rather small. Both steels show the typical behavior of ferrite/martensite DP steels: high initial strain-hardening rate, the absence of a distinct yield point, and continuous yielding. With increasing silicon content, the ultimate tensile strength (UTS) and uniform elongation (UE) increase while the yield strength (YS) and total elongation (TE) decrease.
Mechanical properties
The strength of a dual-phase structure is dependent on the ferrite grain size and the martensite volume fraction [29] . A finer ferrite grain size, higher solution strength of silicon in ferrite grains, and higher strength of martensite lead to a higher UTS of HSi. Due to the effect of the dispersion strength of fine martensite islands, the UE of HSi reaches 18.2%. the YS of HSi is lower than that of LSi. This is attributed to the existence of abundant mobile dislocations.
The number of martensite islands in HSi is greater but the size is smaller, which increases the number of ferrite and martensite phase boundaries. When phases transform from austenite to martensite, with the action of volume expansion, plenty of mobile dislocations are generated near F−M phase boundaries. In the early stage of stretching, dislocations sweep past ferrite grains and tangle on F−M phase boundaries and decrease the YS. Although the addition of Si strengthens ferrite, which can increase YS, the appearance of numerous mobile dislocations has far more effect in decreasing the YS. In the process of stretching, stresses are transferred from work-hardened phases to unwork-hardened phases. As a result, many ferrite grains deform uniformly before necking. This is beneficial for increasing the UE and delaying the occurrence of necking. The higher TE of LSi is due to its excellent ability for post-uniform deformation. Fig. 4 reveals that martensite in LSi experienced sharply plastic deformation. This demonstrated that martensite with low carbon content is easily deformed in coordination with ferrite in the post-uniform deformation stage.
Strain-hardening behavior
To analyze work-hardening characteristics of samples during tensile deformation, the Hollomon, Crussard−Jaoul, and modified Crussard−Jaoul analyses were used.
(1) Hollomon analysis. Earlier analyses of the work-hardening behavior of many metals and alloys can be described by the Hollomon relation [30] as follows:
where k is the strain-hardening coefficient, n is the work-hardening exponent, σ t is the true stress, and ε t is the true strain. The results of the Hollomon analysis are shown in Fig. 8 . Earlier studies [31−33] indicated that DP steels show two-stage hardening followed by two work-hardening indices. In this study, however, the Hollomon's plots show that both steels followed a linear variation of ln σ t versus ln ε t with a nearly constant n value ( Table 2 ). The LSi steel has a smaller n value than the His steel. In the opinion of Kumar et al. [5] , the n value decreases with increasing martensite volume fraction. This may be attributed to localized ferrite plastic strain (LFPS). The LFPS is influenced by the extent of the plastic zone in ferrite, the average dislocation density, and the associated strain in ferrite. As the martensite volume fraction increases in DP steels, localized plastic strain increases and, consequently, the overall true uniform plastic strain decreases. 
where σ t is the true stress, ε t is the true strain, n' is the work-hardening exponent, and σ 0 and k' are material constants. The logarithmic form of Eq. (4) after differentiation with respect to ε t is as follows:
The D C−J analyses of tensile data for both steels have been carried out using Eq. (5), as shown in Fig. 9 . These plots indicate that the flow stress behavior of both DP steels can be described using a three-stage work-hardening behavior. The three stages observed may be due to different work-hardening mechanisms associated with the finer distribution of constituent phases [18] . Several previous investigators [18, 31, 33, 36] have been able to reveal the three stages of work hardening in DP steels using D C−J analyses, which can be attributed to the following deformation mechanisms.
Stage I: Homogeneous deformation of the ferrite matrix assisted by the glide of mobile dislocations present near the martensite regions.
Stage II: Diminished work hardening due to the deformation of constrained ferrite with the possible transformation of retained austenite to martensite.
Stage III: Ferrite deformation with attendant cross-slip and dynamic recovery together with martensite deformation.
The values of n' − 1 at these separate stages are given in Table 2 . The absolute value of n' − 1 for HSi is smaller than that for LSi in stage I, while in the transition region, stage II, the result is just the opposite. In stage III, the two values of n' − 1 are similar. The negative value of n' − 1 in both stage I and stage III have been reported in several investigations [33, 35, 37] of DP steels. A high value of n' − 1 in stage I is due to homogeneous deformation of ferrite. The rate of work hardening is high in this stage because undissolved carbide particles impede the glide of dislocations in the ferrite phase [32] . Das and Chattopadhyay [33] attributed this to the presence of a high internal stress field caused by a high density of lattice defects and/or microstructure heterogeneity. The onset of stage III is associated with the onset of cross-slip and dynamic recovery effects in ferrite, e.g., rearrangement of dislocation structures and annihilation of dislocations [37] . The presence of stage II may be due to dynamic changes of internal stresses during plastic deformation [32] .
(3) Modified Crussard−Jaoul analysis. The modified Crussard−Jaoul analysis (M C−J ) has been suggested as suitable for analyzing the hardening behavior of DP steels [38] . It is based on the Swift equation:
where σ t is the true stress; ε t is the true strain; ε 0 is the initial true strain; n″ is the work-hardening exponent, and k″ is the material constant. Differentiating Eq. (6) with respect to ε t and expressing in the logarithmic form, we get the following equation:
In this work, the M C−J analysis reveals two stages of strain hardening for both steels during the uniform tension process, as shown in Fig. 10 . Several earlier observations [4,33,38−41] revealed two distinct stages of work hardening in ln (dσ t /dε t ) vs. ln σ t curves of DP steels by the M C−J technique. The two stages of work hardening observed in F−M DP steels are attributed to the following deformation mechanisms.
Stage I: Plastic deformation of the soft ferrite matrix alone assisted by mobile dislocations present near the mart-ensite regions, while the martensite phase is in elasticity.
Stage II: Uniform deformation of hard martensite and already work-hardened ferrite.
It is apparent that the values of 1 − n″ for both stage I and stage II deformations are comparable ( Table 2) . The transition value, ε t , which is considered to be the strain where both phases begin to deform plastically, from stage I to stage II varies significantly with the variation of microstructure characteristics. The slope in the first stage is larger. This is attributed to the fact that ferrite grains are plastically restrained by carbide precipitates in the ferrite grains and surrounding martensite during plastic deformation [41] . For the LSi steel, the first stage will continue to a smaller strain, and for that martensite will begin to deform plastically earlier [39] .
The results of the D C−J and M C−J analyses ( Fig. 9 and Fig.  10 ) are in accordance with those of Das and Chattopadhyay [33] . The M C−J analysis sensitively captures the transition of work hardening from ferrite-dominated to martensite-dominated regimes while the D C−J analysis reveals the transitional stage of constrained plasticity of ferrite induced by martensite particles. Fig. 11 shows specimen shapes and Fig. 12 shows the load-displacement curves of each steel during hole-expansion tests. In the first stage (before the knee, as arrows show), the load value increases when the punch touches the work piece. This is followed by a linear evolution linked to the elastic deformation [42] . The deflection of the edge is the principal deformation (after the knee). At this stage, the punch load value increases non-linearly with punch travel [42] . The hole circumferentially expands by bending and stretching until a crack appears in the hole edge and the load value begins to decrease. Pieces of deformed lips were machined by wire-electrode cutting parallel to the radial direction planes from the hole-expanded samples, as shown in Fig. 13(a) . An area ratio method, which has been used by Hyun et al. [8] , is applied in this paper to compare the degrees of deformation of both steels. The ratio of hatched area A to base area B is defined as schematically shown in Fig. 13(b) . The area A, area B, lip thickness, and lip height of both steels were estimated from Fig. 13(a) . The lip thickness, lip height, areas A and B, and the ratio value of A/B are shown in Table 3 . This shows that area A, area B, and area ratio (A/B) are related to λ. The sample with a high value of λ has high values of A and B. Meanwhile, the high-λ sample has a smaller lip thickness and a larger lip height. This means that LSi experiences a larger deformation along the radial direction and reduction in the thickness direction. Curves in Fig. 12 reveal that the HSi steel has a poor toughness because its load value is smaller than that of LSi.
Hole-expansion tests
Hasegawa et al. [43] have confirmed that the difference in strength of ferrite and martensite is an effective factor in improving the stretch-flangeability of DP steels. Due to a smaller difference in hardness and strength between ferrite and martensite for LSi, LSi has a better deformation ability in three dimensions. This is attributed to a better plastic incompatibility of ferrite and martensite, which makes the strain distribution in the two phases more uniform during the high strain stage. The production and decohesion of microvoids are therefore delayed. In the high strain stage, more dislocations tangle in F−M boundaries and surround martensite in HSi. This leads to strong stress concentration and the appearance of microvoids occurs easily in the fragile F−M phase boundaries. When microvoids extend and pass through the fragile martensite or F−M phase boundaries, cracks will occur. Macrocracks will therefore appear at an earlier stage with a low post-uniform deformation.
Conclusions
Two kinds of DP steels with different silicon contents were produced by the same thermal treatment process. Their mechanical properties were studied based on tensile and hole-expansion test data and microstructure observations. The main conclusions are as follows.
(1) The grain sizes of ferrite and martensite are significantly refined by the addition of Si up to 1.08wt%. Si promotes the phase transformation of proeutectoid ferrite and leads to low martensite volume fraction and high carbon content in martensite.
(2) The addition of 1.08wt% Si leads to the increase of UTS and UE, but the decrease of YS, yield ratio, and λ-value. The Hollomon analysis indicates that the increase of martensite volume fraction leads to a decrease of the strain-hardening exponent (n value), which finally leads to a decrease of uniform elongation. The D C−J analysis reveals that the transitional stage of the constrained plasticity of ferrite is induced by martensite particles while the M C−J analysis sensitively captures the transition of work hardening from ferrite-dominated to martensite-dominated regimes.
(3) In hole-expansion tests, microvoids are generated at the F−M phase boundaries or the sites where martensite fractures. In the high strain stage, LSi has a better ability to coordinate deformation between ferrite and martensite phases than HSi. The good stretch-flangeability of LSi is attributed to crack suppression during propagating in the post-uniform deformation stage.
